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ABSTRACT
We investigated the relation between compact jet emission and X-ray variability properties of all black hole
transients with multiwavelength coverage during their outburst decays. We studied the evolution of all power
spectral components (including low frequency quasi-periodic oscillations), and related this evolution to changes
in jet properties tracked by radio and infrared observations. We grouped sources according to their tracks in
radio/X-ray luminosity relation, and show that the standards show stronger broadband X-ray variability than
outliers at a given X-ray luminosity when the compact jet turned on. This trend is consistent with the internal
shock model and can be important for the understanding of the presence of tracks in the radio/X-ray luminosity
relation. We also observed that the total and the QPO rms amplitudes increase together during the earlier part
of the outburst decay, but after the compact jet turns either the QPO disappears or its rms amplitude decreases
significantly while the total rms amplitudes remain high. We discuss these results with a scenario including
a variable corona and a non-variable disk with a mechanism for the QPO separate from the mechanism that
create broad components. Finally, we evaluated the timing predictions of the magnetically dominated accretion
flow model which can explain the presence of tracks in the radio/X-ray luminosity relation.
Subject headings: accretion, accretion disks – black hole physics – stars: winds, outflows – X-rays: binaries
1. INTRODUCTION
Jets constitute an integral part of the accretion flow in black
hole systems of all sizes, and there are many open questions
about how they form and affect their environment. Since the
jet emission is prominently detected in radio and infrared,
and the accretion flow is often characterised by X-ray spec-
tral and timing properties, a systematic multiwavelength ap-
proach is required to understand accretion/ejection relation
quantitatively. Our group has been working on this problem
by characterizing the X-ray properties while the jets turn on
(determined through changes in radio and/or infrared emis-
sion) during outburst decays of Galactic black hole transients
(GBHT). In Kalemci et al. (2013), which will be referred as
Paper I from hereon, we concentrated on the changes in X-ray
spectral properties, and determined the timescales of impor-
tant transitions during the outburst decay before, during and
after the formation of the compact jets. This is the second
part of the systematic study for which we concentrate on the
changes in short term X-ray variability properties during the
same time. Earlier observational studies that tie jets to tim-
ing properties for individual sources exist (Miller-Jones et al.
2012; Yan et al. 2013), and there is one systematic study that
relates behavior of short term variability properties to opti-
cally thin radio flares (Fender et al. 2009). To the best of our
knowledge, there is no detailed systematic study with a large
sample of outburst decays that are analyzed uniformly that in-
vestigates the relation between the compact jet formation and
properties of both the broad and narrow components in the
power spectra of GBHTs as we attempt in this work.
GBHT are accreting binary systems which spend most of
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their time in quiescence and undergo occasional X-ray out-
bursts lasting for months to years (Tanaka & Shibazaki 1996).
During these outbursts, the GBHTs exhibit two main states
identified by their X-ray spectral and temporal properties.
In the soft state the X-ray spectrum shows strong thermal
emission from an optically thick, geometrically thin disk
(Shakura & Sunyaev 1973) and the variability is low (∼a few
% rms amplitude) whereas in the hard state the X-ray spec-
trum is much harder, dominated by emission in the form of a
power-law from a hot inner flow (ADAF or corona) and/or
the base of a jet at luminosities < 10−3LEdd (Russell et al.
2010), the variability is much stronger (>20 % rms ampli-
tude), and low frequency quasi-periodic oscillations (QPO)
with frequencies ranging from a few mHz to ∼10 Hz are com-
monly observed (Remillard & McClintock 2006). There are
also intermediate states occurring between the soft and the
hard states for which the X-ray spectral properties show the
characteristics of a mixture of both states. See Belloni (2010)
for a recent review of the states and Done et al. (2007) for a
detailed discussion of the accretion models.
These states are closely related to the behavior of com-
pact, steady jets. They are commonly observed in the hard
state as a persistent radio emission with a flat or slightly in-
verted spectrum, and also sometimes as an excess of infrared
emission (Corbel et al. 2000; Fender et al. 2001; Buxton et al.
2012; Dinçer et al. 2012). In the soft state, in contrast, they
are thought to be no longer present because the emission in the
radio and infrared bands are highly quenched (Homan et al.
2005; Russell et al. 2011).
A strong correlation exists between the radio and X-ray
luminosity of GBHTs during the hard state. This corre-
lation implies a connection between the jet and the accre-
tion flow (optically thick disk or hot inner flow). The cor-
relation has two tracks: “standards” and “outliers”. While
both tracks exhibit a power-law relation their slopes are dif-
ferent, the outliers show fainter radio luminosities for the
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same X-ray luminosities than the standards (Gallo et al. 2012;
Corbel et al. 2013). At L3−100keV < 5 × 10−3LEdd , some
sources in the outliers track approach the standard track in the
radio/X-ray luminosity plane (Coriat et al. 2011; Ratti et al.
2012). To date, several studies have suggested physical ex-
planations for the presence of the two different tracks in
the radio/X-ray luminosity relation. These explanations in-
clude differences in the strength of the jet magnetic field
(Casella & Pe’er 2009), the radiative efficiency of the ac-
cretion flow (Coriat et al. 2011), presence/absence of a cool
inner disk (Meyer-Hofmeister & Meyer 2014), or a mag-
netically dominated accretion flow (MDAF, Meier 2012).
Soleri & Fender (2011) tried relating the tracks to binary pa-
rameters and presence or lack there of transitions to the soft
state, but failed to find a dependence.
In this work, we present a systematic multiwavelength anal-
ysis of the GBHTs focusing on the relation between the jet
emission and X-ray power spectral properties. The sample is
the same as the one used in Paper I which includes the outburst
decays of 4U 1543-47 in 2002, GRO J1655-40 in 2005, GX
339-4 in 2003, 2005, 2007, 2011, H1743-322 in 2003, 2008,
2009, XTE J1550-564 in 2000, XTE J1720-318 in 2003, and
XTE J1752-223 in 2010.
2. DATA ANALYSIS
We used archival Rossi X-ray Timing Explorer (RXTE,
Bradt et al. 1993) PCA data for all timing analysis, while
the X-ray spectral analysis made use of both the PCA and
HEXTE instruments in Paper I.
2.1. X-Ray Timing Analysis
For each source, we obtained light curve with a time res-
olution of 2−11 s in the 3–25 keV energy band. We divided
the light curve from high resolution data into 16 s segments
for bright observations, generated a power-density spectrum
(PDS) from each segment, and averaged them together. As
the source flux decreases during outburst decays, we progres-
sively increased the segment length up to 128 s. We normal-
ized the PDS as in Miyamoto & Kitamoto (1989) and cor-
rected the dead time effects using the model of Zhang et al.
(1995) with a dead time of 10 µs per event.
We fitted the power spectra by a number of Lorentzian pro-
files, each described by their characteristic frequency νmax =
( f 20 + ∆2)1/2, where f0 is the centroid frequency, ∆ the
HWHM, and by the quality factor (Q ≡ f/2∆). Lorentzians
with Q > 2 were referred as QPOs and those with Q < 2 as
broad noise components. At low flux levels, we multiplied
the total fractional rms by a correction factor to eliminate the
reduction by the Galactic ridge emission (see Paper I).
When necessary, we estimated upper limits on the QPO rms
amplitudes using the method given in Vaughan et al. (2011).
In this method, we compared two hypothesis, the null hypoth-
esis H0 of a continuum spectrum described by a number of
broad Lorentzians, and the alternative hypothesis H1 which
includes an additional narrow Lorentzian with a fixed quality
factor of Q = 10 for the QPO. The upper limits are given for
the chance of a false detection probability of α = 0.01, and
the probability of a detection of β = 0.5 (see Vaughan et al.
2011 for definition of α and β parameters).
2.2. X-Ray Spectral Analysis
We adopted the X-ray spectral parameters presented in Pa-
per I. These parameters were obtained by fitting the X-ray
spectrum with a phenomenological model consisting of pho-
toabsorption, a smeared edge, a multicolor disk blackbody, a
power-law, a narrow Gaussian to model the iron line, and, if
necessary, an additional power-law representing the Galactic
ridge emission. The Eddington Luminosity Fraction (ELF)
for each observation was calculated as the ratio of 3–200 keV
luminosity to the Eddington luminosity as in Paper I .
3. RESULTS
We present our results based on the three transitions identi-
fied in Paper I, the timing transition (TT), the index transition
(IT), and the compact jet transition (CJT). The TT is defined
as a sudden increase in the total rms amplitude accompanied
by an increase in the power-law flux (Kalemci et al. 2004), the
IT is defined as the start of the hardening of the X-ray spec-
trum, and the CJT is defined as the start of the increase in the
NIR flux or the time of the first optically thick radio detec-
tion. For details of how these transition times are identified,
see Paper I.
In figures, we use the color scheme used in Paper I to show
the observations before and after the transitions in the color
online version. The observations between the TT and the IT
are shown with green, the observations between the IT and the
CJT with blue, and the observations after the CJT are shown
with red.
3.1. Rms Variability: The Standards vs The Outliers
In this section, we compare the X-ray timing properties of
standards and the outliers of the radio/X-ray luminosity corre-
lation during the formation and the evolution of the compact
jets. In Figures 1 and 2, we plot the total rms variabilities
against the power-law indices and ELFs, respectively. Each
figure consists of three panels. The panels from top to bottom
show the data obtained from all the sources, the standards,
and the outliers, respectively. In each panel, outburst decays
are distinguished from each other with different plotting sym-
bols. In Figures 3a and 3b, we plot the total rms amplitude as
a function the power-law ratio (PLR, the ratio of the power-
law flux to the total flux in 3-25 keV energy band) for the
standards and the outliers, respectively.
In Figure 1a, a global relation is observed for all GBHTs.
As expected, at the beginning of the outburst decays, the spec-
tral indices are soft, and the rms amplitudes are small. Dur-
ing the hardening the rms amplitudes gradually increase, and
after the CJT the rms amplitudes take a sharp upwards turn,
reaching above 40% for some sources. In Fig. 2a, we observe
that at a few percent of the ELF, the rms amplitudes increase
from a few to 25%. As the ELF decreases further and the CJT
occurs, we observe a large scatter in the rms amplitudes for
a given ELF. The same data, divided into two groups based
on the association of the sources to the tracks observed in the
radio/X-ray luminosity relation (e.g. see the tracks with the
sources in Corbel et al. 2013), show differences between the
behavior of the two groups. First, there are occasions that
the CJT occurs along with softer spectral indices and lower
rms amplitudes in outliers compared to standards (see Fig-
ures 1b,c). Second, the rms amplitudes after the CJT show
two trends, the standards reach higher rms amplitudes with a
weighted mean of 34.1 ± 0.4 %, and the outliers stay constant
at 23.1 ± 0.2 % (see Figures 2b and 2c).
XTE J1752-223 has higher rms amplitude at low flux levels
compared to the other outliers. We must note that low flux
observations of this source are strongly affected by the Galac-
tic ridge emission. We have incorporated the effect of ridge
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Figure 1. Rms amplitude of variability as a function of photon index (Γ) for
the observations of a) all the sources, b) the standards, and c) the outliers.
In the color online version, the observations between the TT and the IT are
shown with green, the observations between the IT and the CJT with blue,
and the observations after the CJT are shown with red.
0.001 0.010
ELF
0
10
20
30
40
50
To
ta
l r
m
s (
%)
4U 1543-47 (2002)
GRO J1655-40 (2005)
GX 339-4 (2003)
GX 339-4 (2005)
GX 339-4 (2007)
GX 339-4 (2011)
H 1743-322 (2003)
H 1743-322 (2008)
H 1743-322 (2009)
XTE J1550-564 (2000)
XTE J1720-318 (2003)
XTE J1752-223 (2010)
(a)
0.001 0.010
ELF
0
10
20
30
40
50
To
ta
l r
m
s (
%)
4U 1543-47 (2002)
GX 339-4 (2003)
GX 339-4 (2005)
GX 339-4 (2007)
GX 339-4 (2011) (b)
0.001 0.010
ELF
0
10
20
30
40
50
To
ta
l r
m
s (
%)
GRO J1655-40 (2005)
H 1743-322 (2003)
H 1743-322 (2008)
H 1743-322 (2009)
XTE J1550-564 (2000)
XTE J1720-318 (2003)
XTE J1752-223 (2010) (c)
Figure 2. Rms amplitude of variability as a function of ELF for the observa-
tions of a) all the sources, b) the standards, and c) the outliers.
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Figure 3. Total rms amplitude of variability as a function of PLR for a) the
standards and b) the outliers.
emission in the rms amplitude (Chun et al. 2013), however
the uncertainty in the ridge emission results in large errors in
the rms amplitude. Therefore the high rms values from low
luminosity XTE J1752-223 should be regarded with caution.
We checked whether the highest rms amplitude of variabili-
ties in XTE J1752-223 corresponds to a transition from outlier
track to standard track in the radio/X-ray luminosity relation.
However, the observations with higher rms amplitude of vari-
ability (between MJD 55,333 and 55,353) belong to the times
when the source is still in the outlier track (see Ratti et al.
2012). We note that we are not able to track X-ray timing
information as the sources transition from the outlier track to
the standard track. This is because of low source count rate at
such low luminosities.
Another difference in the rms amplitude of the standards
and the outliers is seen in Figures 3a and 3b. The rms ampli-
tudes form a tight correlation with the PLR for the outliers,
but are more scattered for the standards.
3.2. Time Evolution Of The X-ray Variability Properties
Figure 4 shows the evolution of the peak frequencies for
all outburst decays. The broad Lorentzian components iden-
tified in each observation are shown with solid circles, and
QPO peak frequencies are shown with empty diamonds.
The most noticeable result in the evolution of the peak fre-
quencies is their decreasing trend in time which is a well
known characteristic of the GBHTs during outburst decay
(e.g. Kalemci et al. 2003; Klein-Wolt & van der Klis 2008).
In the following, we characterise the behavior of the broad
noise components and the QPO with respect to formation of
compact jets (CJT) in detail.
3.2.1. Evolution of Broad Noise Components
In most of the outburst decays, we do not observe sudden
changes in the evolution of the peak frequencies. However
when we observe changes, they do happen close to the CJT.
For example, there is a sudden decrease in the peak frequen-
cies of the highest frequency Lorentzian in GRO J1655-40
and XTE J1550-564 within 3 days prior to the CJT. The num-
ber of broad components increase for GX 339-4 (2005 and
2007) within 3 days after the CJT.
3.2.2. Evolution of QPOs
As shown in Figure 4, we observe that in some outburst
decays (4U 1543-47, GX 339-4 [2007], H1743-322 [2003,
2008, 2009], XTE J1550-564), QPOs are no longer required
in the PDS fits after the CJT. This is more clearly observed in
Figure 5 where we plot the evolution of the QPO rms ampli-
tudes as a function of time through different transitions. For
XTE J1550-564, there is a sudden drop in the rms amplitude
of the QPO at the CJT, and from there on it is no longer re-
quired in the fit, so we only have upper limits. For 4U 1543-47
and H1743-322 (2003), a sudden decrease in the rms ampli-
tude occurs 4 days before the CJT, and the QPO is not required
in the fits afterwards. For the 2008 and 2009 outburst decays
of H1743-322, the QPOs are not required in the PDS fits after
the CJT and their rms amplitudes did not show any decrease
prior to the CJT. For the 2007 outburst decay of GX 339-4,
the QPO is no longer required in the fits starting from 4 days
prior the CJT. On the other hand, for GRO J1655-40, the QPO
is observed throughout the outburst decay, its amplitude cli-
maxing a few days before the CJT.
The evolution of the QPO rms amplitude is similar in
H1743-322 (2003), GRO J1655-40, XTE J1550-564. The
QPO rms amplitude first increases, then makes a peak and
finally decreases. Other outburst decays exhibit only a por-
tion of this trend. For instance, 4U 1543-47 shows only the
peak and the decrease whereas H1743-322 (2008) shows only
the increase and the peak. In Figure 6, we plot the total rms
amplitude against the QPO rms amplitude. At lower total rms
amplitudes, a positive correlation exists between the two pa-
rameters. When the total rms amplitude reaches between 20-
30%, the QPO rms amplitude of variability decreases (or the
QPO is not required in the fit). In Figure 7, we plot the QPO
rms amplitude against the PLR to see if this trend is related to
the presence of disk emission. The increase in the QPO rms
amplitude is associated with the increase in the PLR which
is expected if the majority of the disk emission is not vari-
able, but the decrease in the rms occurs at the highest PLR for
which more than 95% of the emission comes from the corona
in the PCA band.
3.3. νqpo-Luminosity Relation
In Figure 8, we plot the peak frequencies of the QPOs
against the ELF because the MDAF model predicts a scal-
ing between them in the form of νQPO ∝ LpX where ν is the
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Figure 4. Time evolution of the peak frequencies for all outburst decays. Time 0 denotes the time of the timing transition. Dotted lines show the time of the
compact jet transition.
peak frequency of the QPO, LX the X-ray luminosity and p
= 0.9-1.1 (Meier 2012). In this figure, we also show scal-
ing curves with p = 1.0 for various normalizations. The ob-
served relation varies from decay to decay and shows only
a partial agreement with the predicted scaling. If we take a
look at the sources, GRO J1655−40 and H1743-322 (2003)
converge to the predicted scaling at their lower ELF obser-
vations, H1743-322 (2009) is in agreement with the scaling,
and XTE J1550-564 and H1743-322 (2008) behave far from
the predicted scaling.
4. DISCUSSION
We performed a thorough analysis of the X-ray variability
properties of GBHTs during the decay of their outbursts while
the compact jets turn on. When combined with the X-ray
spectral information, our results provided strong constraints
for the phenomenological understanding of the accretion-
ejection process in GBHTs. In the following we discuss our
findings.
4.1. Relation Of X-ray Variability To Radio/X-ray Luminosity
Relation
We showed that the X-ray variability does not reach the
same strength for all GBHTs under similar X-ray spectral
conditions (ELF and power-law index). Its strength shows a
dual behavior connected with the tracks in the radio/X-ray lu-
minosity relation, the standards show higher X-ray variability.
This observational connection may be showing us the impor-
tance of the X-ray variability on jet emission strength. A re-
cent internal shock model proposed to explain the jet spectral
energy distribution supports this idea (Malzac 2013, 2014). In
this model, the jet radio luminosity depends on the amplitude
of the Lorentz factor fluctuations of the jet at its base. These
fluctuations are related, in some unknown way, to the fluctu-
ations in the accretion flow and therefore to the X-ray vari-
ability. While this model does not explain why some sources
have higher variability amplitude compared to others, it can
explain why sources with higher rms amplitude of variabil-
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Figure 5. Time evolution of the QPO rms amplitude of variability. Time 0
denotes the time of the timing transition. Dotted lines show the time beyond
which the jet is optically thick.
ity show higher radio emission and form the standard track in
radio/X-ray correlation.
The presence of dual tracks in the radio/X-ray correla-
tion means that either for the given X-ray luminosity there
is a difference in radio luminosity or for the given ra-
dio luminosity there is a difference in X-ray luminosity.
Meyer-Hofmeister & Meyer (2014) favours the latter idea and
invokes a cool disk that increases seed photon input for Comp-
tonization thereby resulting in higher X-ray luminosity in out-
liers. The disk temperature is low, therefore its emission does
not show up in the PCA band. Meyer-Hofmeister & Meyer
(2014) does not present a prediction for timing properties, and
if the outlier track is caused by the cool inner disk, this cool
disk must also be affecting short term X-ray timing properties.
Another explanation that favours a change in X-ray luminos-
ity could be radiatively efficient accretion in the case of out-
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Figure 7. QPO rms amplitude of variability as a function of PLR.
liers (Coriat et al. 2011). On the other hand, Casella & Pe’er
(2009) claim that the tracks are caused by a difference in
jet magnetic field, such that at a magnetic field greater than
a critical value the radio emission is suppressed. Neither
Coriat et al. (2011) nor Casella & Pe’er (2009) offers a pre-
diction on X-ray timing properties, yet for both cases the tim-
ing properties may be related to properties of turbulence in
the corona which in turn should be related to the magnetic
field strength. While we cannot offer any specific explanation
for the difference in variability strength for sources in differ-
ent tracks, it is also clear that models which also explain the
difference in timing properties are favored. As a prediction
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of this work, if the tracks and rms amplitude of variability
are directly related, for the cases where the source move from
the outlier to the standard track, we should also observe an
increase in rms amplitude of variability, and perhaps the dif-
ferences in rms amplitude of variability will be less at higher
X-ray luminosities for which the tracks start to merge. This
investigation will be subject of future work.
The only model that attempts to tie variability properties to
the tracks in the radio/X-ray correlation is the MDAF model
(Meier 2012). In this model, the dual tracks can be explained
if a thin accretion disk is truncated by the advection domi-
nated accretion flow (ADAF) in the standards and in addi-
tion to this, the ADAF itself is truncated at a radius by an
MDAF in the outliers. Since the MDAF is a laminar and non-
turbulent flow, a high frequency cut-off is expected in the PDS
of the outliers as opposed to the ADAF only configuration for
the standards. For our dataset, the PDS above 10 Hz usu-
ally have large errors. While the drop in the peak frequen-
cies of highest frequency Lorentzians in GRO J1655−40 and
XTE J1550−564 (outliers) as opposed to continued presence
of a high frequency broad component in GX 339−4 (standard)
in 2005 and 2007 (see Figure 4) seems to support the idea of
a possible cut-off in outliers at higher frequencies, the quality
of the data did not allow us to significantly confirm the predic-
tions. The data in outburst rise with higher statistical quality
will be used to test this hypothesis in a future work.
Another prediction of the MDAF theory is that the rota-
tion frequency of the MDAF corresponds to the QPO fre-
quency. However, the QPOs are seen in both the standards
(e.g. QPOs in 4U 1543−47, Kalemci et al. 2005) and outliers
(QPOs in GRO J1655−40, H1743−322, XTE J1550−564). Fi-
nally, the predicted scaling between the X-ray luminosity and
the QPO frequency by the MDAF model seems to work well
only for GRO J1655−40 and H1743-322 (2003 and 2009) at
low ELF (see Figure 8). This is surprising because the MDAF
model is supposed to operate at higher luminosity, between
0.01 and 0.1 of the Eddington Luminosity (Meier 2012). We
must stress that we calculated the ELF in the limited energy
range of 3–200 keV. Before the index transition there may be
significant disk contribution below 3 keV, so a proper bolo-
metric calculation (which is not possible with the RXTE data)
would have resulted in higher ELF for higher QPO frequen-
cies which could align points through the predicted scale in
Figure 8. Observations with sufficient low energy coverage
are required to verify this prediction.
4.2. Connection Between Broadband Noise and QPO
When the evolution of the QPOs from all the outburst de-
cays are considered together, there is a global trend: the QPO
rms amplitude of variability first increases to a maximum
value, then the QPO either disappears or its rms amplitude
of variability decreases. This is in contrast to the behaviour
of the total rms amplitude of variabilities which stay approx-
imately constant after they reach their maximum (see Fig-
ure 6).
The positive correlation between the QPO and the total rms
amplitudes after the timing transition suggests that both com-
ponents strengthen as the emission from the corona becomes
stronger with respect to the disk. Such a change can be ex-
plained assuming if the disk produces Poisson noise and the
corona produces variability (Kalemci et al. 2004). Figures 3
and 7 clearly support this because both the continuum and the
QPO rms increases with increasing PLR.
Yan et al. (2013) found that the decrease in the QPO rms
amplitude of variability coincides with the jet growth for
GRS 1915+105 and the authors suggested a possible connec-
tion between two events. In our sample, a similar behavior
is observed, for all sources the QPO rms amplitude decreased
(and for XTE J1550−564 and 4U 1543−47 disappeared from
the PSD, see Figure 5) within a few days prior to or following
CJT. This can be interpreted in two ways. The jet either low-
ers the QPO rms amplitude by affecting the accretion medium
or completely destroy the QPO mechanism resulting in a non-
detection of the QPOs. We note that if there is a destruction
of the QPO by the jet, we are not able to constrain it strongly
because the upper limits on the QPO rms amplitudes are rel-
atively large. Such a possibility deserves to be investigated
in the future observing campaigns of the black hole transients
with large effective area and high time resolution telescopes
such as ASTROSAT (Agrawal 2006) and LOFT (Feroci et al.
2012).
The decrease in the QPO rms amplitude is independent of
the total rms amplitude. This lack of dependency may be un-
derstood in terms of the mechanisms producing the total and
the QPO variabilities. For instance, the broadband variabil-
ity may be produced via propagating waves in the accretion
disk (Lyubarskii 1997), and amplified in the corona and the
QPO may be produced by precession of the corona as in Lens-
Thirring mechanism (Ingram & Done 2011). Such a combi-
nation of the mechanisms would also explain the increasing
part of the rms amplitudes since both mechanisms depend on
the establishment of a strong corona, and the non-varying disk
would decrease their amplitude when present.
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